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Water  management  of  polymer  electrolyte  fuel  cell  (PEFC)  has  been  extensively  studied  because  of  its 
effect  on  the  performance  of  a  PEFC  system.  The  transport  and  congelation  of  water  significantly  affect 
the  efficiency  and  durability  of  a  PEFC.  Several  empirical  methods  have  been  employed  to  visualize  the 
spatial  distribution  of  water  in  a  PEFC.  Experimental  studies  using  high-resolution  imaging  techniques 
have  been  conducted  to  reveal  the  unknown  morphological  aspects  that  reduce  the  performance  of 
a  PEFC  system.  The  X-ray  imaging  technique  is  the  preferred  method  over  other  imaging  techniques 
because  of  its  high  spatial  and  temporal  resolution.  Recently,  X-ray  micro  computed  tomography  (X-ray 
pCT)  is  introduced  to  better  characterize  the  anisotropic  structure  of  a  gas  diffusion  layer  (GDL)  by 
reconstructing  its  three-dimensional  structure.  With  the  development  of  advanced  software  and  hard¬ 
ware,  the  X-ray  imaging  technique  becomes  essential  in  the  visualization  of  water  management  in  PEFCs. 
This  article  reviews  the  X-ray  imaging  studies  on  water  management  in  a  PEFC  system. 

©  2012  Elsevier  B.V.  All  rights  reserved. 


1.  Introduction 

Polymer  electrolyte  fuel  cell  (PEFC)  has  recently  received 
increasing  attention  as  a  clean  renewable  power  source,  due  to  its 
high  operational  efficiency  and  minimal  environmental  impact.  The 
PEFC  system  is  suitable  for  mobile  applications,  because  its  oper¬ 
ating  temperature  is  relatively  low  and  its  power  range  is  appro¬ 
priate  for  automobiles.  A  PEFC  system  consists  of  an  electrolyte 
membrane,  an  electrode  catalyst,  a  GDL,  and  a  bipolar  plate.  The 
general  composition  of  a  PEFC  system  is  shown  in  Fig.  1.  The  elec¬ 
trochemical  reaction  in  a  PEFC  inevitably  produces  water,  thereby 
dampening  the  electrolyte  membrane  [1],  The  electrochemical 
reaction  at  the  anode  is  given  as: 

H2  — >  2H++  2e“  (1) 
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whereas  the  reaction  at  the  cathode  is: 

^02  +  2H+  +  2e~  — *H20  (2) 

Therefore,  the  overall  reaction  in  PEFC  can  be  expressed  as: 

H2  +  ^02  —  H20  (3) 

Nafion®  has  been  usually  employed  as  electrolyte  membrane 
for  the  electrochemical  reaction.  Nafion  has  proton  conductivity 
only  in  the  presence  of  water.  Therefore,  reactant  gases  supplied  to 
the  fuel  cell  should  be  humidified  to  ensure  the  efficient  transport 
of  protons.  However,  excessive  accumulated  water  in  the  gas 
diffusion  layer  (GDL)  degrades  the  performance  and  durability  of 
PEFCs  because  of  flooding  under  normal  operation  as  well  as  ice 
formation  during  cold  startup  [2],  On  the  other  hand,  the  opera¬ 
tion  with  high  current  density  and  back  diffusion  dehydrates  the 
anode  GDL  and  membrane  [3,4],  Both  the  flooding  and  dehydra¬ 
tion  of  the  membrane  electrolyte  assembly  reduce  the  active  area 
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Fig.  1.  Schematic  diagram  of  a  typical  PEFC. 


for  power  generation.  Efficient  water  management  is  essential  to 
maintain  the  performance  of  a  PEFC.  Therefore,  water  in  a  PEFC 
system  should  be  analyzed  precisely  to  understand  water  balance 
during  and  after  operation.  The  water  balance  and  removal  of 
water  from  a  PEFC  system  are  key  parameters  that  govern  its 
efficiency  and  durability. 

Several  imaging  techniques  have  been  used  to  visualize  the 
water  content  in  a  PEFC  system.  These  methods  include  optical 
imaging  [5-7],  magnetic  resonance  imaging  (MRI)  [8],  neutron 
radiography  [9-13],  and  X-ray  imaging  techniques.  Each  imaging 
technique  has  its  own  advantages  and  disadvantages  in  terms  of 
cost,  material  limitation,  and  spatial  and  temporal  resolution.  An 
optical  imaging  technique  has  a  good  temporal  and  spatial  reso¬ 
lution.  However,  the  PEFC  system  should  have  a  transparent 
window  to  facilitate  optical  observation.  Yang  et  al.  [6]  observed  the 
generation,  removal,  and  regeneration  of  water  drops  in  the 
channels  of  a  transparent  unit  cell  with  a  lapse  of  operation  time. 
Given  that  the  gas  channel  of  a  PEFC  is  replaceable,  the  optical 
imaging  technique  can  be  applied  to  the  water  transport  in  the  gas 
channels  and  the  eruption  of  water  droplets  onto  the  GDL. 

MRI  has  recently  been  employed  to  visualize  the  water  content 
in  PEFCs  with  a  reasonable  spatial  resolution.  However,  this 
method  has  technological  limitations  in  the  temporal  resolution 
and  selection  of  composing  materials  of  a  PEFC  because  ferro¬ 
magnetic  materials  distort  MRI  images.  In  2004,  Tsushima  et  al.  [8] 
employed  an  MRI  imaging  technique  to  measure  the  spatial 
distribution  of  the  water  content  in  an  operating  PEFC.  They  used 
a  special  fuel  cell  kit  made  of  nonmagnetic  materials.  The  spatial 
and  temporal  resolution  of  the  MRI  is  approximately  50  pm  and 
50  s,  respectively. 

Neutron  radiography  is  highly  sensitive  to  water.  However,  this 
method  still  suffers  from  low  temporal  and  spatial  resolution.  Satija 
et  al.  [9]  investigated  the  quantity  and  spatial  distribution  of  water 
in  a  PEFC  by  using  a  neutron  imaging  technique.  The  spatial  and 
temporal  resolution  of  the  neutron  imaging  system  is  approxi¬ 
mately  100  pm  and  1  s,  respectively.  Table  1  summarizes  the 
imaging  methods  used  to  visualize  water  contents  in  a  PEFC. 

Most  of  the  constituting  parts  of  a  PEFC  are  opaque.  Therefore 
they  require  a  non-invasive  imaging  technique  for  in  situ  visuali¬ 
zation.  Among  the  non-invasive  imaging  techniques,  the  X-ray 
imaging  technique  has  high  temporal  and  spatial  resolution  suit¬ 
able  for  visualizing  water  transport  in  a  PEFC.  The  current  article 


will  thoroughly  discuss  the  X-ray  imaging  experiments  to  visualize 
the  water  contents  and  water  management  in  a  PEFC  system. 

2.  X-ray  imaging  technique 

2.1.  X-ray  radiography 

X-ray  imaging  has  been  mainly  used  for  medical  and  industrial 
applications  due  to  its  high  penetration  into  soft  tissues.  A  sche¬ 
matic  diagram  of  an  X-ray  imaging  system  is  shown  in  Fig.  2.  As  an 
X-ray  beam  transmits  a  test  sample,  variations  in  the  thickness  and 
composition  of  the  internal  structure  produce  a  distinct  image 
contrast.  A  scintillator  crystal  converts  the  transmitted  X-ray  beam 
into  visible  light  that  can  be  captured  by  image  recording  devices. 
When  a  digital  camera  is  used  to  record  X-ray  images,  the  light 
intensity  is  converted  into  a  digital  signal  for  post-image  process¬ 
ing.  In  an  X-ray  imaging  system,  the  image  quality  is  determined  by 
an  X-ray  source,  a  scintillator,  an  optical  relay,  and  a  photodetector. 
To  achieve  a  higher  spatial  resolution,  a  highly  focused  X-ray  beam, 
a  high-density  scintillator,  highly  magnified  optics,  and  a  digital 
detector  with  small  pixel  size  are  required. 

The  light  intensity  of  an  X-ray  beam  which  passes  through  a  test 
sample  can  be  expressed  by  the  Beer— Lambert  law: 

I  =  ke-^  (4) 

where  /  is  the  light  intensity  of  the  X-ray  beam  attenuated  after 
penetrating  the  test  sample,  /q  is  the  initial  non-disturbed  intensity 
of  the  incident  X-ray,  and  p  is  the  linear  attenuation  coefficient  of 
the  sample.  The  attenuation  coefficient  p  increases,  as  the  density  or 
atomic  number  (Z)  of  the  sample  increases.  A  material  has  its  own 
inherent  mass  attenuation  coefficient  for  a  specific  radiographic  ray. 

In  general,  water  thickness  in  a  PEFC  can  be  obtained  through 
the  following  procedure.  When  a  test  sample  is  composed  of 
several  constituents  with  different  refractive  indices,  Eq.  (4)  can  be 
generalized  for  a  thin  sample  as  follows: 

j  =  /0e-£(^).-  (5) 

For  an  operating  fuel  cell  composed  of  several  different  mate¬ 
rials,  Eq.  (5)  can  be  expressed  as 

Iwet  =  (6) 

whereas  the  light  intensity  in  a  dry  fuel  cell  is  expressed  as: 

Idry  =  /oe-[£(M*W]  (7) 

The  amount  of  isolated  water  can  be  obtained  by  dividing  the 
wet  image  (Eq.  (6))  by  the  dry  image  (Eq.  (7))  as  follows: 

i^water^water  =  —In  (jwet/ldry'j  (8) 

The  thickness  of  the  water  layer  (x)  can  be  evaluated  by  using  Eq. 
(8),  if  the  linear  attenuation  coefficient  of  water  (p)  is  valid. 
However,  the  linear  attenuation  coefficient  varies  because  of  the 
inherent  X-ray  beam  features  of  the  synchrotron  radiation  source. 
Therefore,  this  coefficient  should  be  evaluated  based  on  the 
experimentally  calibrated  data.  Considering  that  the  latter  PEFC 
image  is  divided  by  the  former  image  during  digital  image  pro¬ 
cessing,  the  resultant  image  contains  differential  information 
between  the  two  images.  From  the  divided  images,  the  water 
thickness  in  the  spot  penetrated  by  the  X-ray  beam  can  be  obtained 
by  using  Eq.  (8).  This  image  processing  is  called  image  normaliza¬ 
tion,  which  was  first  employed  in  the  neutron  imaging  of  the  water 
transport  in  PEFCs  [10]. 
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Table  1 

Advanced  imaging  techniques  used  to  determine  the  water  content  in  a  PEFC. 

Method  Spatial  resolution  Temporal  resolution  Advantages 

Optical  imaging  10  pm  [6]  0.06  s  [6]  High  spatial  and  temporal  resolution 

MRI  50  pm  [8]  50  s  [8]  Sensitive  to  water 

Neutron  imaging  25  pm  [13]  1  min  [13]  Very  high  sensitive  to  water 

X-ray  imaging  680  nm  [35]  1  s  [32]  High  spatial  and  temporal  resolution 


Disadvantages 
Transparent  cell  is  required 
Incompatible  with  conductive  materials 
Low  spatial  and  temporal  resolution 
Low  sensitivity  to  water  content 


2.2.  Synchrotron  X-ray  imaging  technique 

The  synchrotron  X-ray  imaging  technique  has  recently  been 
employed  to  visualize  the  water  contents  in  a  PEFC  system.  The 
method  has  high  spatial  and  temporal  resolutions  due  to  high 
coherency  and  sufficient  photon  flux  of  the  synchrotron  X-ray 
beam.  A  schematic  diagram  of  a  typical  synchrotron  X-ray  imaging 
system  is  illustrated  in  Fig.  3.  A  synchrotron  X-ray  beam  is  emitted 
when  charged  particles  in  the  storage  ring  are  accelerated  radially. 
When  passing  a  double  crystal  monochromator  (Fig.  3),  the 
unmonochromatic  X-ray  beam  is  converted  to  a  monochromatic 
beam  of  a  single  energy  level.  The  energy  level  of  the  X-ray  beam  is 
then  controlled  to  make  the  target  such  as  water  in  a  PEFC,  suitable 
for  capturing  clear  X-ray  images.  An  X-ray  photon  energy  of  13  keV 
strongly  enhances  the  sensitivity  to  water  [17],  The  invisible  X-ray 
images  are  converted  into  visible  images  after  passing  through 
a  thin  scintillation  crystal.  A  high  flux  of  synchrotron  X-ray  beam 
provides  high-intensity  visible  light.  Thus  the  converted  X-ray 
images  can  be  magnified  by  optical  microscopic  lenses.  The 
magnified  images  are  then  captured  by  a  digital  image  recording 
device  with  a  high  spatial  resolution. 


2.3.  X-ray  jiCT 


Three-dimensional  (3D)  tomography  was  used  to  obtain 
detailed  information  on  the  anisotropic  structure  of  a  GDL  to 
understand  the  mass  transport  in  a  PEFC  system.  The  mathematical 
basis  for  a  tomographic  imaging  method  was  established  by  Radon 
[14],  X-ray  computed  tomography  (CT)  has  been  applied  to  obtain 
projected  images  of  test  samples.  The  projected  image  of  a  sample 
at  a  given  angle  ©is  composed  of  a  set  of  line  integrals.  In  X-ray  CT, 
the  line  integral  represents  the  total  attenuation  of  the  X-ray  beam 
that  transmits  the  sample.  The  intensity  attenuated  by  the  sample 
is  given  by  the  following  equation: 


-  /  M(*,y)ds 
I  =  I0e  L  J  \ 


(9) 


where  /r(x)  is  the  attenuation  coefficient  at  a  position  along  the  ray 
pathway.  Therefore,  the  total  attenuation  p  of  the  X-ray  at  a  position 
r,  with  a  projection  angle  8,  is  given  by: 


P(r,  6)  =  In  (//Jo)  =  -  f  p(x,y)ds  (10) 

Using  the  coordination  system  of  Fig.  4,  the  value  of  r  onto  which 
point  (xy)  is  projected  at  an  angle  8  is  given  by 

xcos  d  +  ysin  6  =  r  (11) 

Therefore,  Eq.  (10)  can  be  rewritten  as 


p(r,  0)  =  J  J  f(x,y)8(x  cos  8  +  y  sin  6  -  r)dxdy 


(12) 


where  /(x,y)  represents  the  attenuation  coefficient  p(x,y).  This 
function  is  known  as  the  Radon  transform  function.  Using  this 
inverse  Radon  transformation,  ortho-sliced  images  are  obtained 
from  a  number  of  projected  images. 

The  general  procedure  of  X-ray  pCT  is  demonstrated  in  Fig.  5. 
First,  a  large  number  of  two-dimensional  projected  images  are 
obtained  consecutively  by  rotating  the  sample  at  a  small  angular 
interval  over  180°.  Next,  ortho-sliced  images  are  obtained  from  the 
projected  images  through  the  inverse  Radon  transformation. 
Finally,  a  3D  model  is  reconstructed  by  combining  the  ortho-sliced 
images.  The  3D  tomographic  map  of  a  GDL  provides  realistic  data 
that  can  be  used  to  validate  theoretical  and  numerical  predictions. 
Practical  applications  of  X-ray  imaging  techniques  for  the  visuali¬ 
zation  of  water  contents  in  a  PEFC  will  be  discussed  in  the  following 
section. 

3.  X-ray  imaging  studies  on  water  management  in  PEFCs 

3.1.  Water  transport  in  PEFCs 

In  general,  the  term  “in-plane”  indicates  the  plane  parallel  to  the 
membrane,  whereas  “through-plane"  is  the  plane  perpendicular  to 
the  membrane.  A  PEFC  is  assembled  with  multiple-layered 
components,  such  as  a  gas  channel,  GDL,  catalyst  layer,  and 
membrane  in  the  through-plane  direction.  Accordingly,  the  in¬ 
plane  visualization  of  PEFCs  is  employed  for  water  distribution 
and  transport  across  the  electrolyte  membrane,  whereas  through- 
plane  visualization  is  used  for  the  transport  of  water  in  the  gas 
channel  and  GDLs.  To  date,  the  water  visualization  of  PEFC  has 
focused  on  water  distribution  under  operation,  residual  water  after 
shut  down,  and  water  discharge  under  purging  process. 


Fig.  2.  Schematic  diagram  of  an  X-ray  tube-based  imaging  technique. 


Fig.  3.  Schematic  diagram  of  synchrotron  X-ray  imaging  system. 


104 


S.-G.  Kim.  S.-J.  Lee /Journal  of  Power  Sources  230  (2013)  101-108 


The  first  PEFC  study  which  used  an  X-ray  beam  was  performed 
by  Sinha  et  al.  in  2006  [15].  They  used  an  X-ray  imaging  technique 
to  measure  the  distributions  of  water  saturation  in  a  GDL  during 
a  gaseous  purge  with  a  spatial  resolution  of  13  pm.  They  also 
employed  X-ray  pCT  to  quantify  the  3D  distribution  of  liquid  water. 
Although  its  spatial  resolution  is  still  insufficient  to  accurately 
visualize  the  water  in  pores  of  a  GDL,  X-ray  pCT  is  introduced  as 
a  powerful  tool  to  investigate  water  transport  in  a  PEFC.  Manke 
et  al.  [16]  employed  synchrotron  X-ray  radiography  to  visualize 
water  distribution  in  an  operating  fuel  cell.  The  spatial  resolution 
was  approximately  3—7  pm,  and  the  temporal  resolution  was 
approximately  4.8  s.  They  observed  repetitive  water  evolution 
including  eruptive  water  ejection  in  the  fuel  cell.  The  images  of 
the  water  content  in  the  gas  channels  are  overlapped,  because 
a  PEFC  has  multiple-layered  compositions  in  the  through-plane 
direction.  This  problem  was  solved  by  using  a  mismatched  gas 
channel  in  the  anode  and  cathode  sides. 

The  same  research  group  utilized  synchrotron  X-ray  radiog¬ 
raphy  to  investigate  water  accumulation  in  a  GDL  along  the  in¬ 
plane  direction  [17],  The  experiments  were  conducted  at  the 
BAMline  of  the  synchrotron  BESSY  in  Berlin,  Germany.  The  sche¬ 
matic  diagram  of  experimental  setup  at  BAMline  is  illustrated  in 
Fig.  6.  They  investigated  the  in-plane  transport  of  water  in  the  GDL 
by  using  a  monochromatic  synchrotron  X-ray  imaging  system  with 
a  spatial  resolution  of  3  pm  and  temporal  resolution  of  5  s.  The 
water  distribution  in  the  GDL  was  strongly  dependent  on  the  water 
production  related  with  the  current  density.  The  liquid  water 


accumulated  in  the  cathode  GDL  at  high  current  density 
(420  mA  cm-2),  and  the  water  accumulations  were  observed  in 
both  anode  and  cathode  GDLs  at  higher  current  density 
(600  mA  cm-2).  The  position  of  the  diffusion  barrier  formation 
caused  by  the  presence  of  water  droplets  was  dependent  on  the 
hydrophobic  or  hydrophilic  properties  of  the  GDL  materials. 

Lee  et  al.  [18]  employed  a  tube-based  X-ray  source  to  test  the 
feasibility  of  an  X-ray  imaging  system  to  observe  water  accumula¬ 
tion  in  a  PEFC.  Typical  results  are  shown  in  Fig.  7.  The  X-ray  images 
of  the  PEFC  components,  such  as  the  gas  channel,  rib,  and  GDL,  are 
clearly  distinguishable  based  on  their  different  intensities.  The 
spatial  resolution  of  the  X-ray  imaging  technique  is  sufficient  to 
observe  the  water  meniscus  in  the  gas  channels.  In  2008,  Mukaide 
et  al.  [19]  observed  the  spatial  distribution  of  water  in  an  operating 
PEM  fuel  cell  by  using  synchrotron  X-ray  radiography,  with  a  spatial 
resolution  of  12  pm  and  a  temporal  resolution  of  1  s.  The  experi¬ 
ment  was  conducted  at  the  BL19B2  and  BL20B2  beamline  of  Spring- 
8  in  Japan.  Simultaneous  visualization  of  the  PEFC  in  the  in-  and 
through-plane  directions  showed  that  the  power  generation  at  the 
catalyst  layer  of  the  cathode  side  was  inhomogeneous  because  of 
the  configuration  of  the  reactant  gas  inlet.  They  also  found  crack 
initiation  resulting  from  increase  of  current  density.  Water  filling 
and  removal  in  the  cracks  were  due  to  water  balance  between  the 
osmotic  drag  and  back  diffusion. 

Manke  et  al.  [20]  demonstrated  the  complementarity  of  the 
neutron  imaging  method  and  synchrotron  X-ray  radiography  in 
2009.  The  synchrotron  X-ray  they  employed  had  a  spatial  resolu¬ 
tion  of  3  pm  and  a  temporal  resolution  of  5  s,  whereas  those  of  the 
neutron  imaging  system  were  150  pm  and  10  s,  respectively.  The 
field  of  view  for  the  synchrotron  X-ray  radiography  was  only 
7x7  mm2,  whereas  that  of  the  neutron  imaging  was  more  than 
100  mm2,  which  is  sufficiently  large  to  cover  the  entire  active  area 
of  the  cells.  From  the  experimental  results  obtained  by  both 
imaging  techniques,  the  water  transport  and  eruption  of  water 
droplets  in  operating  PEFCs  were  investigated.  Synchrotron  X-ray 
radiography  is  suitable  for  visualizing  the  fast  water  transport  in 
the  GDL  pores  in  PEFCs.  In  2009,  Hartnig  et  al.  [21  ]  investigated  the 
liquid  water  formation  as  a  function  of  the  current  density  in  the  in¬ 
plane  direction  of  PEFCs.  The  synchrotron  X-ray  imaging  setup  used 
in  the  study  is  similar  to  that  in  the  previous  one,  with  a  spatial 
resolution  of  3  pm  and  a  temporal  resolution  of  5  s.  The  amount  of 
water  in  the  gas  channels  exhibited  a  cyclic  eruption  of  water.  The 
liquid  water  formation  was  mostly  located  beneath  the  rib,  caused 
by  the  reduced  porosity  as  a  result  of  compression  and  the  increase 
of  electrical  conductivity. 

Lee  et  al.  [22]  visualized  water  accumulation  in  the  cathode  and 
anode  areas  of  an  operating  PEFC.  The  experiment  was  performed 
at  the  Pohang  Accelerator  Laboratory  (PAL)  in  Pohang,  Korea.  The 
spatial  and  temporal  resolution  was  approximately  1  pm  and  1  s, 
respectively.  They  reported  that  cyclic  water  accumulation  resulted 
from  the  water  balance  in  both  GDL  regions,  as  depicted  in  Fig.  8. 


Fig.  5.  Sequential  procedure  of  X-ray  CT. 
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sample  X-ray  film 


Fig.  6.  Experimental  setup  for  visualization  of  an  operating  PEFC  at  various  current  densities,  as  reported  by  Hartnig  et  al.  [17], 


The  PEFC  was  activated  when  the  membrane  was  sufficiently 
hydrated.  Sasabe  et  al.  [23-25]  used  a  laboratory-based  soft  X-ray 
micro-imaging  system  in  their  visualization  studies  on  PEFCs.  The 
soft  X-ray  has  photon  energy  of  less  than  2.0  keV,  which  is  suitable 
for  visualizing  the  water  content  in  a  PEFC.  The  spatial  and 
temporal  resolution  was  1.2  pm  and  2  s,  respectively.  In  this  study, 
the  area  under  the  rib  was  not  effectively  activated  under  a  high 
current  density  operation  (400  mA  cm  2).  By  using  the  soft  X-ray 
imaging  system,  they  investigated  water  accumulation  along  the 
through-plane  direction  [23]  and  the  effect  of  morphological 
defects  in  the  in-plane  direction  [24,25]. 

X-ray  tomographic  studies  on  water  transport  in  PEFCs  have 
been  conducted  under  ex  situ  conditions  until  2011,  because  of  the 
long  acquisition  time  needed  to  obtain  a  sufficient  number  of 
projected  images  to  reconstruct  ortho-sliced  images  in  the  tomo¬ 
graphic  analysis.  More  than  5  min  is  generally  consumed  to  obtain 
projected  images  over  180°,  with  a  step  angle  of  0.5°.  Therefore, 
X-ray  CT  is  hardly  suitable  for  visualizing  the  rapid  water  transport 
in  a  PEFC  system.  Recently,  Kruger  et  al.  [26]  demonstrated  the 
possibility  of  a  quasi  in  situ  tomographic  imaging  for  investigating 
the  water  distribution  in  PEFCs.  They  stopped  the  operation  of  fuel 
cells  and  sealed  the  gas  inlet  and  outlet  before  capturing  the  X-ray 
images  to  prevent  water  movement  during  the  experiments.  By 
using  this  technique,  they  successfully  visualized  the  GDL  structure 
as  well  as  water  distribution  in  the  PEFCs.  Markotter  et  al.  [27] 
adopted  this  quasi  in  situ  tomographic  technique  to  visualize  the 


water  distribution  and  3D  water  transport  in  GDLs  and  adjacent 
micro-porous  layers  (MPLs). 

In  X-ray  radiography  measurements  of  water  thickness  in 
a  PEFC,  the  precise  determination  of  the  X-ray  attenuation  coeffi¬ 
cient  fi  of  water  is  essential  to  the  evaluation  of  absolute  value  of 
water  thickness.  X-ray  attenuation  is  considerably  dependent  on 
the  experimental  setup.  Thus,  the  calibration  experiment  for  the 
attenuation  coefficient  fi  should  be  performed  in  advance  to 
measure  water  thickness  accurately. 

3.2.  Morphological  studies  of  PEFC  components 

Tomographic  analysis  has  been  commonly  adopted  in  material 
science  for  non-invasive  detection  and  measurement  of  the  inner 
structure  of  a  test  sample.  This  non-invasive  3D  visualization  tool  was 
mainly  used  to  investigate  the  highly  anisotropic  structure  of  a  GDL 
for  better  understanding  of  its  morphological  3D  structure.  Becker 
et  al.  [28]  compared  the  experimental  and  numerical  results  in  terms 
of  diffusivity,  permeability,  and  conductivity  to  verify  the  uncertainty 
of  the  boundary  condition  in  the  numerical  study  of  PEFCs.  Both 
results  are  quantitatively  consistent,  except  in  two  cases.  The  first 
mismatch  occurred  in  the  through-plane  conductivity.  This  differ¬ 
ence  is  attributed  to  the  overestimation  of  the  conduction  from  fiber 
to  fiber.  The  second  mismatch  was  the  in-plane  permeability  caused 
by  bias  errors.  This  study  proved  that  the  numerical  results  can  be 
used  to  determine  the  material  properties  of  GDLs. 


Acryl  plate  +  separator  +  water  +  GDL 


X  position 


Fig.  7.  Variations  of  gray-level  intensity  according  to  gas  channel,  rib  and 


r,  as  reported  by  tee  et  al.  [18], 
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X-ray  gCT  has  been  employed  to  investigate  the  material  prop¬ 
erties  of  the  PEFC  components.  However,  determining  the  proper 
threshold  value  for  the  image  segmentation  in  tomographic  anal¬ 
ysis  is  difficult.  Ostadi  et  al.  [29]  investigated  the  effect  of  the 
threshold  value  on  determining  the  material  properties  of  a  GDL 
They  reported  linear  increase  of  porosity  when  the  threshold  value 
was  reduced.  As  a  result  of  decreased  pore  size,  a  small  3%  threshold 
variation  leads  to  an  approximately  25%  change  in  the  Knudsen 
diffusion  coefficient  and  85%  increase  in  permeability.  Thus,  they 
emphasized  the  importance  of  careful  determination  of  the 
threshold  value.  Recently,  Otsu’s  method  [30]  has  been  widely  used 
for  image  segmentation  [31,32],  This  method  automatically 
performs  histogram  shape-based  image  thresholding  and  converts 
a  gray-level  image  into  a  binary  one.  The  algorithm  determines  the 
optimum  threshold  that  separates  black  (0  gray-level)  from  white 
(255  gray-level  in  an  8-bit  image)  to  ensure  that  the  combined 
intra-class  variance  has  a  minimal  value. 

In  2010,  Pfrang  et  al.  [33]  investigated  the  thermal  conductivity 
of  three  different  types  (one  carbon  cloth  and  two  carbon  papers) 
of  GDL  by  using  X-ray  CT.  The  thermal  conductivities  in  x-,  y-,  and 
/-directions  were  calculated  by  using  the  energy  equation. 
However,  carbon  fibers  and  PTFE  are  not  distinguished  clearly  in 
the  CT  results.  Therefore,  accurate  discrimination  remains  a  chal¬ 
lenge.  After  the  X-ray  CT  was  found  to  be  feasible,  it  has  been 
employed  by  several  research  groups  to  measure  the  material 
properties  of  the  PEFC  components  [34,35], 

In  2010,  Ostadi  et  al.  [36]  employed  a  desktop  nano-tomography 
of  680  nm  spatial  resolution  and  a  dual-beam  FIB/SEM  system 
with  14  nm  resolution  for  3D  reconstruction  of  a  GDL  and  an 
MPL,  respectively.  They  calculated  the  variation  in  the  effective 


diffusivity  as  a  function  of  pore  saturation  from  the  experimental 
data.  The  average  pore  sizes  in  the  GDL  and  MPL  were  approxi¬ 
mately  15  pm  and  137  nm,  respectively.  Based  on  the  experimental 
results,  the  tortuous  flow  paths  were  numerically  simulated  by 
using  the  Lattice  Boltzman  method. 

The  morphological  defects  in  the  PEFC  components  were 
detected  by  using  a  high-resolution  X-ray  CT.  The  defects  including 
cracks  and  holes  contribute  to  the  water  transport  paths  and  water 
accumulation  zones  [31,37,38], 

In  the  study  of  material  properties,  the  through-plane  porosity 
distribution  is  a  key  parameter  because  the  main  flow  of  reactant 
gases  and  liquid  water  flow  occurs  along  the  through-plane  direc¬ 
tion.  Fishman  and  Bazylak  [39-41  ]  reported  a  series  of  heteroge¬ 
neous  porosity  distribution  in  the  through-plane  using  X-ray  CT. 
The  same  research  group  conducted  related  studies  for  tortuosity, 
effective  diffusivity,  and  permeability  [39],  as  well  as  the  effects  of 
PTFE  [40]  and  MPL  cracks  [41  ].  These  studies  on  the  heterogeneous 
porosity  distribution  provide  new  perspectives  in  the  analysis  of 
the  material  properties  of  GDLs. 

Recently,  tomographic  analysis  was  performed  in  the  study  of 
GDLs  under  an  artificially  controlled  environment.  Kim  and  Lee  [38] 
and  Je  et  al.  [42]  reported  the  morphological  variations  of  GDLs 
under  freeze-thaw  cycles.  Both  experiments  were  conducted  in  the 
7B2  beamline  of  PAL  in  Pohang,  Korea,  with  approximately  1  pm 
spatial  resolution.  Both  research  groups  explained  the  effect  of 
freeze-thaw  cycles  on  the  output  of  a  PEFC  system.  The  typical 
reconstructed  images  of  a  GDL  which  adhere  to  the  MPL  layer  are 
illustrated  in  Fig.  9.  By  using  the  synchrotron  X-ray  CT,  Kim  and  Lee 
[38]  visualized  an  opaque  GDL  with  a  highly  anisotropic  structure 
and  protruding  fibers,  as  shown  in  Figs.  9(b)  and  (c).  The  protruding 
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Fig.  9.  Reconstructed  image  of  a  GDL  adhered  to  an  MPL,  as  demonstrated  by  Kim  and  Lee  [38], 


fibers  contribute  to  crack  initiation  in  the  MPL  region.  In  2012,  Kim 
et  al.  [43]  investigated  the  variations  in  water  pressure  with  respect 
to  the  breakthrough  and  drainage  pressures  by  using  synchrotron 
X-ray  CT.  These  studies  largely  contributed  to  the  understanding  of 
water  transport  in  GDLs  under  various  environmental  conditions. 

In  the  studies  using  X-ray  tomography,  the  post-image  process¬ 
ing,  acquisition  time  for  X-ray  images,  and  time  for  3D  reconstruction 
are  key  issues  that  should  be  addressed.  The  threshold  value  affects 
the  evaluation  of  material  properties  significantly.  Thus,  the 
thresholding  technique  needs  to  be  improved.  The  phase-contrast 
imaging  technique  [28,44],  which  uses  coherent  synchrotron  X-ray 
beam,  can  efficiently  identify  solid  and  void  regions  of  the  PEFC 
components.  Moreover,  given  that  X-ray  images  inevitably  contain 
noises  caused  by  the  X-ray  beam  fluctuations  and  optical  distortions, 
appropriate  filtering  procedures  should  be  considered  for  noise 
reduction.  The  time  for  image  acquisition  and  reconstruction  of  X-ray 
(iCT  should  be  largely  reduced  for  in  situ  analysis  of  water  manage¬ 
ment  in  an  operating  PEFC. 

4.  Summary 

The  X-ray  imaging  technique  has  been  employed  to  study  the 
water  transport  in  a  PEFC.  It  has  been  successfully  applied  to 
visualize  the  water  content  and  morphological  structure  of  a  PEFC 
system.  X-ray  radiography  is  suitable  for  studying  the  water 
management  in  a  PEFC  because  it  has  a  higher  spatial  and  temporal 
resolution  compared  to  other  imaging  techniques.  X-ray  pCT 
provides  details  of  water  transport  in  a  GDL  by  adopting  a  tomo¬ 
graphic  technique  over  conventional  radiography.  The  general 
developmental  trend  of  X-ray  imaging  techniques  is  summarized  in 
Table  2.  X-ray  imaging  techniques  still  have  several  technological 


Table  2 

Advances  in  the  X-ray  imaging  technique  employed  in  the  PEFC  study. 

Year  2006-2009  2009-2012 

PEFC  operation  ex  situ  in  situ  ( quasi  in  situ ) 

Dimension  2-dimensional  radiography  3-dimensional  tomography 

Resolution  Tens  of  pm/few  seconds  Few  pm/under  1  s 

Target  Flow  field  in  gas  channel  Mass  transport  in  anisotropic 

GDL 


limitations,  such  as  low  sensitivity  to  water  and  long  acquisition 
time  for  capturing  images  in  X-ray  CT.  However,  advances  in  X-ray 
imaging  techniques  can  better  explain  water  management  of  PEFC 
systems  by  resolving  the  current  technological  issues.  Conclusively, 
the  innovative  X-ray  imaging  technique  is  essential  to  improve  the 
performance  of  PEFCs. 
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